Neurodegenerative disorders are characterized by extensive neuron death that leads to functional decline, but the neurobiological correlates of functional decline in normal aging are less well defined. For decades, it has been a commonly held notion that widespread neuron death in the neocortex and hippocampus is an inevitable concomitant of brain aging, but recent quantitative studies suggest that neuron death is restricted in normal aging and unlikely to account for age-related impairment of neocortical and hippocampal functions. In this article, the qualitative and quantitative differences between aging and Alzheimer's disease with respect to neuron loss are discussed, and age-related changes in functional and biochemical attributes of hippocampal circuits that might mediate functional decline in the absence of neuron death are explored. When these data are viewed comprehensively, it appears that the primary neurobiological substrates for functional impairment in aging differ in important ways from those in neurodegenerative disorders such as Alzheimer's disease.
The neuropathologic changes associated with neurodegenerative disorders invariably reflect the following events: (i) major circuits are structurally disrupted through synapse loss and neuron death, (ii) there is selective vulnerability in respect to which neurons die and which are resistant to degeneration, and (iii) the symptoms of the particular neurodegenerative disorder follow from the circuits that are disrupted and thus reflect the selective vulnerability. In the case of Alzheimer's disease (AD), neuronal degeneration is not only reflected by neuron and synapse loss in certain areas but also by neuropathologic profiles such as the neurofibrillary tangles (NF T) and senile plaques (SP), which are considered a prerequisite for the neuropathologic diagnosis of the disease and reflective of degeneration (1). Although NF T and SP are reflective of cellular pathology and as such are abnormal, their mere presence may not be sufficient to account for the dementia of AD (2). Both NF T and SP are also present in cognitively normal aged individuals, but in AD, the distribution and density of NF T and SP must be such that they reflect a major disruption of key cortical circuits (3) .
The neocortex and hippocampus are both devastated in AD, but the pathology is not ubiquitous, nor does it affect all cell types. The pyramidal cells in the entorhinal cortex and the CA1 and subiculum regions of the hippocampus are vulnerable to NF T formation and resultant degeneration, whereas the CA3 region and the granule cells in the dentate gyrus are resistant to degeneration (3) . In the neocortex, particular subsets of pyramidal cells are prone to NF T formation and degeneration, whereas others are not, and inhibitory interneurons do not form NF T and are largely resistant to degeneration (3, 4) . The pyramidal cells that furnish long corticocortical projections are thought to be particularly vulnerable to degeneration in AD, leading to a global disruption of interconnections between association cortices, whereas primary sensory and motor areas exhibit minimal neuron loss (3, 5) . There is extensive synapse loss in association areas as well, further reflecting structural disruption of circuits (6) . With respect to subcortical projections, most of the specific thalamic projections remain intact, whereas the cholinergic projection from the nucleus basalis of Meynert degenerates early in the disease (7) . Thus, although degeneration is extensive in AD, it is selective, and given the broad array of circuits that degenerate, it is not surprising that multiple domains of cognition are disrupted, including memory and attention.
Human Entorhinal Cortex: The Interface Between Aging and AD
In respect to AD and aging, the single most vulnerable circuit in the cerebral cortex is the projection referred to as the perforant path, which originates in layer II of the entorhinal cortex (EC) and terminates in the outer molecular layer of the dentate gyrus, thus providing the key interconnection between the neocortex and the hippocampus (8) . The EC is a region of extraordinary convergence of inputs from the association cortex, essentially funneling highly processed neocortical information into the dentate gyrus of the hippocampus and thereby playing a crucial role in memory (9, 10) (Fig. 1) . This circuit is invariably devastated by extensive NF T formation in AD, even at the earliest stages of the disease (11) . The layer II neurons of the EC are rich in neurofilament protein in the healthy state, but even after normal aging, a few of these neurons are invariably in transition to NF T when viewed in double-labeling immunohistochemical experiments localizing the cytoskeletal proteins neurofilament and tau (Fig. 2) . In fact, it appears that the vast majority of humans older than 55 years have at least a few NF T or neurons in transition to NF T in layer II of the EC (3, (12) (13) (14) (15) . These individuals are likely to be asymptomatic with no obvious memory loss. Even the most rigorous analysis of neuron loss would not reveal the transitional neurons as "missing," because they represent only a few percent of the total number of neurons and likely still appear normal in the Nissl stains used to estimate total neuron number.
Despite these similarities, there are qualitative and quantitative differences between normal aging and AD with respect to NF T formation and neuron loss in EC. These contrasts are revealed most clearly in studies involving stereological techniques to estimate neuron number in key hippocampal and neocortical regions. These procedures have been recently reviewed in some detail (16) . Perhaps the most important advantage is that these techniques allow one to obtain an accurate estimate of the number of neurons within a given brain structure without relying on a density measurement that would be confounded by changes in the size of neurons or the size of the structure under investigation, either through fixation parameters or the aging process itself (Fig. 3) . Using a stereological design, Hyman and colleagues recently estimated the degree of neuron loss in clinically characterized subjects (15, 17) . In neurologically normal elderly individuals, there was no evidence of neuron loss in any layer of the EC (15) , even though as stated above (13) , there were likely a few neurons in transition to NF T in layer II of the EC in these brains (Figs. 2 and 4) . However, in subjects characterized as having very mild AD [for example, with a clinical dementia rating score of 0.5 (18) ], there was already a quite extensive loss of neurons in the EC, as much as 50% of the neurons from layer II of EC, suggesting that the perforant path would be partially disrupted in these cases. In severe AD, almost 90% of the neurons in layer II of EC are missing, with many presumably now having degenerated as end-stage NF T. In addition, both the neurologically normal and mild AD cases had no detectable neuron loss in the temporal neocortex, which agrees with other studies demonstrating that normal or mildly impaired aged individuals do not have significant NF T formation in neocortical areas (3, 14, 19) . This observation is in striking contrast to AD where NF T are present throughout association cortices with particularly high densities in prefrontal and temporal cortices.
Thus, there are quantitative differences between normal aging, mild AD, and severe AD in that particularly vulnerable areas such as the EC have increasing numbers of neurons lost, and there are qualitative differences in that regions such as the prefrontal cortex do not exhibit significant neuron loss in normal aging but are likely to in AD (Fig. 4) . In fact, the dementia of AD that goes well beyond memory loss in its functional impact is unlikely to emerge before incipient involvement of neocortex (in particular, the inferior temporal neocortex), and the severity of dementia correlates more with neocortical NF T counts than with EC or hippocampal NF T counts (3, 14) . Finally, with respect to the NF T formation that occurs in normal aging, we should not assume that this minor degree of NF T formation is a predecessor to the more severe degeneration that is present even in early AD. There is no definitive evidence supporting such a progression (20, 21) . In addition, when placed in the context of data on normal aging, it is unlikely that the functional decline in memory as a result of normal aging is a result of this minimal neurofibrillary pathology occurring in the EC.
Neurofilament Protein: A Molecular Link to Neurodegeneration
It is likely that the vulnerable neurons in neurodegenerative disorders share key biochemical and cellular properties that are linked to their vulnerability; one such property may be their particular cytoskeletal profile. In numerous neurodegenerative disorders, affected neurons often display characteristic neurofibrillary inclusion bodies that are considered hallmarks of a particular disease process. For example, Lewy bodies in neurons within substantia nigra are diagnostic of Parkinson's disease, Lewy bodies in cerebral cortex are associated with certain forms of dementia, Pick bodies in cerebral cortex are the defining neuropathologic lesion in Pick's disease, and amyotrophic lateral sclerosis (ALS) exhibits neurofilamentprotein-containing spheroids and inclusions in motor neurons (3, 22) . In AD, NF T occur primarily in neurofilament-protein-rich neurons, and in these susceptible neurons, cytoskeletal elements dynamically aggregate into NF T (Fig. 2) (13, 23) . Also, the microtubule-associated protein tau is a major constituent of the pathologic accumulation of fibers referred to as paired helical filaments in NF T (22, 24) (Fig. 2) . Therefore, whereas different groups of neurons degenerate in these diseases, they are similar in the extent to which cytoskeletal alterations are a defining attribute of the degenerative process. Transgenic mouse models that overexpress the heavy or light subunits of neurofilament protein display motor neuron disease similar to ALS, as do transgenic mice that contain one of several mutations of superoxide dismutase (SOD) that have been demonstrated to occur in familial ALS (25) . Interestingly, even in the SOD model of ALS, it is the neurons that have a particularly high expression of neurofilament protein that are most vulnerable (26) . In addition, transgenic mice that express the mid-sized subunit of human neurofilament protein exhibit multiple pathologic profiles reminiscent of spheroids, NF T, and Pick bodies, further supporting a key role for neurofilament protein in neurodegeneration (27) .
These data, taken together, suggest that neurofilament protein synthesis, degradation, assembly, or transport in neurons where such processes are highly regulated A B . These elements include the perforant pathway (PP) projection from layer II of the EC to the outer molecular layer of the dentate gyrus (OML), the mossy fiber projection (MF ) from the dentate granule cells to the stratum lucidum (SL) of the CA3 field, and the Schaffer collaterals (SC) innervating the pyramidal neurons in the CA1 field. Also shown are commissural and associational afferents (C/A) from the fimbria / fornix (F/F ) and the output projection from the subiculum (SUB) to the deep layers of the EC. GCL, granule cell layer of the dentate gyrus; H, hilus; HF, hippocampal fissure; IML, inner molecular layer of the dentate gyrus. 
Normal Aging and Neuronal Viability
Until recently, it was widely accepted that neuron death was an inevitable result of normal aging. This conviction was spawned primarily by a few influential papers from as early as the 1950s that demonstrated significant neuron death in aged humans in the absence of AD, as well as in nonhuman primates and rodents (29, 30) . These studies reported disparate results with respect to degree of neuron loss, but as a group, their data suggested that most neocortical areas and certain hippocampal subfields lose 25 to 50% of their resident neurons with age.
These studies virtually all shared one design characteristic: the investigators were measuring neuron density in a given structure, not total neuron number. When the field was rigorously reviewed by Coleman and Flood in 1987 (30) , the inescapable conclusion from the literature was that there was extensive neuron loss with aging, although it was already clear to these authors that the data might be confounded in several cases by species and strain differences, tissue processing, and sampling design. With the development of more accurate procedures for counting neurons (16) (Fig.  3) , this view has been modified over the last several years, particularly as stereological procedures for estimating neuron number have been applied to aging research (15-17, 21, 31-34) . The careful application of stereological techniques to several species, including humans, have led to the somewhat surprising conclusion that age-related decline in neuron number through neuron death is not significantly involved in normal aging, at least with respect to the neocortex and hippocampus.
A recent stereological analysis of total neocortical neuron number in humans revealed sex-and age-related differences in neuron number, but sex was found to be a much more powerful predictor of total neocortical neuron number than age, and although the authors found a 10% decrease in neurons across the age spectrum, they warn that, given the study design, this small but significant decline across ages should not be interpreted as strong evidence for biologically significant age-related neuron decline (33) . Studies of total neocortical neuron counts are difficult to put into a clear functional context, given the enormous regional, laminar, and cellular heterogeneity that exists in neocortex. Thus, the more revealing studies with respect to aging have been those that have analyzed a given brain region that can be equated with certain functions and connections. For example, in aged rats there does not appear to be any significant neuron loss in any of the major regions of the hippocampus or EC that could account for the age-related memory defects that occur. Data from nonhuman primates show no evidence of age-related neuron loss in the various hippocampal subfields, particularly in layer II of the EC and in CA1; therefore, neuron loss cannot account for any disruption, structural or functional, of the perforant path input to the dentate gyrus from the EC, or for disruption of hippocampal output from CA1. In addition, there is no neuron loss in nondemented elderly humans in the EC or CA1, the two hippocampal regions most directly implicated in memory function, but there is some age-related neuron loss in the hilus of the dentate gyrus and the subiculum (15) (16) (17) 34) . Even though there does not appear to be neuron loss that would structurally compromise the key hippocampal circuits mediating memory, there are decrements in functions that are reliant on these circuits. Numerous behavioral tasks that are demonstrated to be specific for hippocampal function have revealed a memory defect associated with age in both rodents and nonhuman primates (35, 36) . There are also strong data supporting similar memory loss in aged humans (37) , and recent data suggest that age-related memory impairment in humans is quite different from that seen even in early AD (38) . The major difference with early AD patients is that after a delay, healthy elders retain new information, whereas patients with mild AD retain little new information (38) . This impairment in information retention, which characterizes the early stages of AD, is correlated not only to neuronal loss in the EC but also to changes in volumetric indices within the temporal lobe, as revealed by neuroimaging studies (38) . The impairment is not specifically related to chronological age-in all three species, a significant proportion of aged subjects did not display age-related memory impairment-which is particularly relevant to the concept of distinguishing "normal" from "successful" aging (39) . The study by Rapp and Gallagher (32) that provided stereologic data from the hippocampus of behaviorally characterized aged rats showed directly that neuron death is not likely to be the cause of functional decline. In a subset of these animals where a memory deficit had been demonstrated, there was no decrease in the number of neurons in the various hippocampal subfields when compared to unimpaired aged rats or to young rats. Parallel results have been reported in nonhuman primate models of normal cognitive aging (31, 32) .
Anatomically, there have been age-related changes reported that are short of neuron death. Geinisman has reported loss of synapses in the perforant path terminal zone of the dentate gyrus that could affect function of this circuit, but this does not appear to occur in monkeys (40) . In addition, in both rodents and humans, changes have been reported in dendritic arbor, spines, and synapse morphology that could impact on the function of hippocampal circuits but would not be reflected as neuron loss (30, 41) . With respect to prefrontal cortex, Peters and colleagues have described aged monkeys with no neocortical neuron loss but demonstrable cognitive impairment, which they hypothesize to be linked to disruption of the myelin sheath in the subcortical white matter of these monkeys (42) , suggesting that the connections to and from the prefrontal cortex might be intact but functionally compromised.
Electrophysiological investigations of aging in the rodent hippocampus have revealed that many aspects of synaptic transmission are unaffected or even compensatory, whereas others are compromised (43) , supporting the anatomic studies in suggesting that aging does not involve a general deterioration or frank degeneration of circuits. One component of synaptic transmission that does appear to be compromised is maintenance of long-term potentiation (LTP), particularly in the dentate gyrus, and induction of LTP under certain circumstances, both of which could be related to memory defects (43, 44) . Perhaps the most exciting result regarding electrophysiological assessment of age-related changes in hippocampal function is the recent report by Barnes and colleagues of a decreased stability of spatial information coded by "place cells" in aged rats as compared to that in young rats (36) (Fig. 5A ). Place cells are neurons within the CA1 region that maintain a spatial map of the rat's position within a familiar environment. Interestingly, place cells in aged animals function normally while in the familiar environment; the failure is in their ability to retrieve the same map upon revisiting the environment, essentially offering a striking cellular substrate for spatial disorientation that would be manifested as "getting lost." The authors hypothesize that this deficit in recalling spatial representations is linked to the agerelated disruption of LTP that has been demonstrated in rodents (36) .
Given that structural degeneration of hippocampal circuits is not necessary to account for such impairments in hippocampal function, one might hypothesize that more subtle molecular changes in intact circuits crucial for memory processes contribute to age-associated memory impairment. The important roles of both the perforant path and N-methyl-D-aspartate (NMDA) receptors in memory processing and LTP have been extensively documented (45) . A recent report on aged monkeys demonstrated a circuit-specific decrease in expression of NMDA receptors that could possibly serve as a substrate for memory defects or deficits in LTP (46) . The NMDA receptor levels were decreased specifically in the outer molecular layer of the dentate gyrus, where the perforant path terminates Neuropathologic specimens are seldom exhaustive, because they usually consist of several sections through the structure in question at one or two levels and are therefore not representative of the entire object. However, when the entire object is sampled systematically, the analysis becomes representative of the whole structure. (A) A three-dimensional array of particles of varying sizes and densities. An exhaustive series begins at or before the beginning of the object and ends when the object ends. From this series, every nth section may be used for counting, yielding a manageable number of slides. This technique requires access to the entire object and the ability to recognize its borders. (B) Another type of bias stems from the use of relatively thin histological sections and their treatment as essentially two-dimensional planes. As an example, consider an array of neurons. Each time a neuron is intercepted by a plane, it produces a two-dimensional profile. Counting these profiles, as is still commonly done, leads to the following problem. As sectioned in (B), all neurons are sampled; however, some are sectioned, and therefore counted, more than once. If the interval between sections were doubled (by omitting the middle plane), small neurons would go uncounted. The probability of a neuron's being counted is proportional to its height, and thus, even in widely spaced sections, this method leads to overcounting of larger neurons and undercounting of smaller ones. The way to avoid this source of bias is to count not on planes but in volumes. This method does not entail the generation of new sections, merely a new way of looking at the same old ones. (C) The recognition of the need to count in volumes led to the development of the disector (54) . A disector is simply a volume of tissue in which objects are counted according to simple rules. Counting in disectors thus consists of sampling three-dimensional boxes within each section and counting within them. (D) As applied to microscopy, this technique amounts to sampling across the surface of a histological section and counting in the depth of each site at high magnification. The counting frame depicted in (D) is an unbiased counting frame (54) . The yellow line in (D) shows the outline of the structure of interest. For more details on the use of the unbiased counting frame and counting using the disector principle, see (54, 55) . [ Figure designed and (Fig. 5B) , and there were no significant shifts in ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) or kainate glutamate receptor subunit proteins (46) . In addition, both pre-and postsynaptic elements of the circuit itself were structurally intact, and in these same animals, it was demonstrated through stereological analysis that there was no decrease in the number of neurons in layer II of the EC (Fig. 5C) (31, 46) . Thus, this shift in NMDA receptor expression in the perforant path terminal zone occurred in the absence of significant shifts in any other glutamate receptors and in the absence of any reflection of structural degeneration of this circuit.
Several transgenic mouse models that do not require any associated degenerative events have also offered indirect molecular links to potential age-related memory impairment (47) . Although these animals have not been tested directly with respect to age-related memory decline, genetic manipulations of several NMDA receptor subunits and Ca
2ϩ
-and calmodulin-dependent kinase II have led to defects in LTP and learning in the absence of degenerative changes, similar to those hypothesized to occur in aging as a result of circuit-specific shifts in NMDA receptor proteins. These molecular links to functional decline are independent of the molecules implicated in mouse models of neurodegenerative disorders, such as neurofilament protein or SOD for ALS (25) and amyloid A␤ protein for AD (48) .
Estrogen: A Neuroendocrine Link to Neural Aging
Although the neurodegenerative events underlying AD may be distinct from the events that mediate age-related memory impairment, estrogen may be a crucial mediator in both processes. McEwen and colleagues have demonstrated estrogen-induced increases in the density of spines on CA1 pyramidal cells that would likely impact on the strength of excitatory synaptic inputs to these neurons (49) . In addition, these changes are NMDA receptor-dependent (49) . More recently, it was demonstrated by Gazzaley and colleagues (50) that estrogen replacement therapy in ovariectomized rodents in fact increases the NMDAR1 protein concentration in CA1 pyramidal cell somata and dendrites as well as the somata of the dentate granule cells.
Furthermore, electrophysiological data demonstrate an increase in NMDA-mediated responses in CA1 in precisely the same ovariectomy and estrogen replacement protocol in which the increase in NMDAR1 protein levels was observed in these neurons (51).
In addition, recent clinical studies of humans have demonstrated that estrogen has a protective effect in respect to the onset of AD (52) . Although there are no data that speak directly to whether or not estrogen prohibits neuron death, the fact that it is protective against AD suggests that it protects against neurodegeneration. This role is further supported by in vitro experiments demonstrating that estrogen can protect neurons in culture against amyloid-induced toxicity or other excitotoxic events (53) .
Thus, it would appear that estrogen might be a key player in both neurodegenerative events and nondegenerative events that lead to age-related impairment of memory and cognition. This effect is of obvious relevance to postmenopausal women, yet its relevance to similar age-related functional decline or the risk of AD in males is currently unclear. Links among estrogen, NMDA receptors, hippocampal circuits, and memory represent a particularly fruitful area of investigation in gerontology and will likely emerge as a major focus in the neurobiology of aging over the next decade.
Conclusions
The emerging human and animal data suggest that although the dementia of AD involves the degeneration of key neurons and circuits, age-related memory impairment is likely to reflect more subtle structural alterations and molecular changes in specific neurons and circuits that mediate such functions, in the absence of significant degenerative events. This view also suggests that age-related memory impairment and AD are not part of a continuum, and the former does not necessarily reflect a predisposition for the latter. Both behavioral and In normal aging, a few NF T are consistently observed in layer II of the EC and rare NF T are occasionally encountered in the stratum pyramidale of the CA1 field (SP). The inferior temporal cortex (ITC) and superior frontal cortex (SFC) remain devoid of NF T. There is no neuronal loss in normal aging. In contrast, very mild AD is characterized by higher NF T densities in the EC and CA1, and NF T are consistently observed in layer III of the ITC. Rare NF T are present in SFC. The neocortical areas show no neuronal loss, but a significant degree of neuronal loss is present in layer II of the EC and in the CA1 field. In severe AD, NF T are found in high densities in layer II of the EC, in the CA1 field, and in layers III, V, and VI of the ITC, with moderately high density in SFC as well. The degree of neuronal loss parallels NF T densities in these regions, although NF T numbers alone cannot account for the total loss of neurons, indicating that not all dying neurons necessarily undergo NF T formation. The size of the cortical boxes reflects a certain degree of tissue shrinkage in severe AD. Data used in this schematic were inferred from several sources (14 -17, 19 -21, 33, 34) . SCIENCE ⅐ VOL. 278 ⅐ 17 OCTOBER 1997 ⅐ www.sciencemag.org electrophysiological studies suggest that key hippocampal circuits are functionally compromised in a subset of aged rodents and nonhuman primates and that these functional declines do not reflect neuron loss. An important component of such molecular shifts in intact circuits may be the NMDA receptor, which has been demonstrated to exhibit circuit-specific decreases in dendritic levels that would likely impact the ability of the perforant path to mediate memory processing. Age-related shifts in LTP and inability to retain spatial maps have also been demonstrated electrophysiologically in awake, behaving animals. Although the NMDA receptor-associated functional decline is clearly mechanistically independent of and less severe than memory loss due to circuit degeneration, estrogen may play a crucial role in both processes. Such multiple roles for estrogen would suggest that reproductive senescence may have a multifaceted impact on memory loss and cognitive decline through decreased regulation of intact hippocampal circuits as well as decreased protection of such circuits from degeneration. It is perhaps not surprising that estrogen, a molecule that is so crucial to survival of the species through regulation of the female reproductive system, also plays a key role in the regulation of multiple neural processes that confer significant survival value. The relevance of such neuroendocrine influences on aging is less clear but probably profound for males as well. As research in the neurobiology of aging moves forward, we can expect progress in the determination of the mechanisms by The gray lines indicate the trajectories of the rats, and each color corresponds to a single recorded cell, with each spike emitted from that cell represented by a dot in its designated color. Thus, in the resultant place-field map the portion of the maze dominated by a given color represents the portion of the maze in which that neuron is preferentially active. Note that in the young animal, the place-field maps are similar across the two maze episodes, as represented by the similar color schemes. In contrast, the color schemes are not highly correlated across episodes for the old animal, demonstrating an inability to retain the place fields from one episode to the next. [Adapted from Barnes et al. (36) ] (B) Age-related changes in the perforant path terminal zone of a macaque monkey. In an aged macaque monkey, there is a consistent decrease in immunofluorescent staining intensity for the NMDAR1 subunit restricted to the outer molecular layer of the dentate gyrus (OML) compared to young animals, whereas no such changes are visible in the inner molecular (IML) and granule cell (GCL) layers. The images are pseudo-colored confocal images using the glow scale that recreates the heat scale as a way to illustrate relative staining intensities. Scale bar ϭ 25 m. [Adapted from Gazzaley et al. (46) ] (C) Stereologic estimates of total neuron numbers in layer II of the EC in the same animals that demonstrated the decrease in NMDAR1 immunofluorescence intensity in (B). Note that there is no loss of these neurons in aged monkeys compared to young ones, demonstrating that the NMDA receptor change has occurred in the absence of a structural degeneration of the perforant pathway, as exists in AD (31, 46) .
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